I. Introduction
HE flow field analysis is one of the most important aspects of the aerodynamic assessment of a given aircraft configuration. The classical approach is based on the field visualization of several aero-thermodynamic parameters T like velocity components, pressures, temperatures and so on. More recently, the use of far-field drag methods allowed to directly visualize the drag components (viscous, vortex and wave) in the wake of a body [1] . However, new aerodynamic tools have been developed the last years, where ones of the most promising methods are the Power Balance [2] and the exergy analysis [3] . These two approaches have been extensively used for the quantitative performance assessment of future aircraft configurations like boundary layer ingestion designs [4] . One of the major assets of these methods is their powerful insight into the physics. As a matter of fact, the bodies are studied following a very intuitive mechanical/energetic approach.
In spite of the inherent advantages offered by these methods, they have not been used for the qualitative analysis of flow fields on external aerodynamics applications (it was only used very recently for internal aerodynamics applications [5] ). As a consequence, this work aims to explore this possibility, highlighting its usefulness and potentials.
Given that the exergy method is considered as a generalization of the Power balance, only the Exergy Method will be discussed here, but the results are also valid for the Power Balance method.
II. Review of the aerodynamic assessment methods

A. System of reference
The reference system used hereafter is shown in Fig. 1 .
Fig. 1 Conventional reference frame.
It has the x-axis aligned with the upstream flow direction and pointing rearwards, the y-axis points towards the right-hand side of the body and the z-axis points upwards. Moreover, when control volume formulations are used, it is assumed that the outlet section "Sout" of the control volume is a plane (called "survey plane") and it is placed normal to the x-axis. Also, the lateral surfaces are considered parallels to the upstream direction and far away from the body.
B. Far-field method
The far-field methods apply the momentum conservation equation to a control volume surrounding the body in order to define a set of equations allowing to make a phenomenological decomposition of drag, while giving at the same time a good insight into the physics. Several variants of this method are available [6] [7] [8] [9] allowing to extract the drag force by only analyzing the wake of a body, but here we will discuss only the most recent approach [1]. It is based on the small perturbations method and the decomposition of the axial velocity deficit inside the wake. This leads to the following profile drag equation which is valid for compressible and incompressible regimes:
Where:
̅ (7)
For 2D applications, the profile drag is the total drag acting upon a body (which includes the viscous drag and the wave drag). The drag forces will be nondimensionalized following the classical approach, and its drag coefficient value presented in drag counts, defined as one ten thousandth of Cd (1dc = 0.0001 Cd).
C. Exergy method
The exergy approach is based on the 1st and 2nd laws of thermodynamics [10, 11] . It decomposes the total energy of a system into two components: the exergy "ε" (the useful part of the energy) and the anergy " " (its useless part). The exergy concept states that any perturbation of the system (perturbation of speed, pressure, and so on) can be returned to its original (equilibrium) state by means of a reversible transformation. So, any perturbation has an inherent energetic potential (exergy) that can be converted into work by a reversible transformation. This can be expressed as follows:
Several authors have used this concept to evaluate the external aerodynamic behavior of flight vehicles [12] [13] [14] [15] .
One of most recent formulations is that proposed by Arntz [3] : an exergy approach well adapted for the analysis of CFD simulations and valid for compressible and incompressible flows. This exergetic formulation allows to obtain the so-called "exergetic drag coefficient" when an unpowered case is considered. It is given by the following expression, which allows to perform an exergetic-based breakdown of the drag coefficient [16] :
Each term represents an equation itself as indicated as follows:
Where "Swave" is the surface enclosing the shockwave. Hereafter, the exergy-based drag coefficient will be displayed in "power counts" (pc), defined as one tenth thousandth of " " (1pc = 0.0001 ). Indeed, the exergybased drag coefficient is equivalent to the force-based drag coefficient, thus, the power counts and drag counts units will be used indifferently.
III. CFD data
The exergy-based flow field analysis performed in this work is based on 2D CFD data. The case study is a NACA 0012 airfoil with sharp trailing edge and 0.435m of chord. A C-block structured grid with wake refinement was used. It has been analyzed for several angles of attack and Mach number combinations (subsonic and transonic cases). All the RANS simulations were performed at sea level, with Spalart Allmaras turbulence model and secondorder discretization for flow and turbulence. They were left running until the near-field drag coefficient varies less than 0.1 drag counts from one iteration to the following. The resulting CFD data was analyzed with a Paraview's plugin called Epsilon, which allows to perform a far-field and exergetic analysis. Further details on the grids, solver setup and the post-treatment code is available in Ref. [17] , including the CFD data validation.
IV. Exergetic-based flow field analysis of an airfoil
A. M=0.3 / α=0°
The simplest case to start with is the classic airfoil at low speed with no incidence. We will study first its exergy components and then the anergy components.
In order to understand the axial kinetic exergy field, a systematic approach is presented in the Figs. 2, 3 and 4.
Firstly, the axial velocity field shown in Fig.2 , where the typical flow phenomena is observed: a stagnation point at the leading edge, a curvature-based acceleration region and the low-speed region inside the boundary layer and viscous wake. Moreover, a black survey line is placed downstream of the airfoil, along which is plotted the axial velocity profile, putting into evidence the velocity deficit inside the wake. This allows us to go forward into the This field is based on the square of the axial velocity perturbation field, thus the axial kinetic energy perturbation (i.e., the axial kinetic exergy) is positive throughout the domain independently of the sign of the velocity perturbation. This is because the exergetic approach considers that any velocity perturbation as a potential work to
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Acceleration region Viscous wake be recovered: it does not matter if the perturbation is an increase or reduction of the speed, what matters is the perturbation itself. Note that there is a high work recovery potential at the leading edge, at the maximum airfoil thickness region and inside the wake/boundary layer. The work potential at the stagnation region and around the maximum thickness region of the airfoil is already recovered as it will be seen later (it is not wasted). In fact, this is used by the velocity-pressure coupling mechanism of the potential flow. However, the axial kinetic exergy inside the wake is not being recovered by the system: the airfoil uses its energy to create such perturbations whose work potential will be gradually destroyed along the wake by dissipation (anergy creation). Thus, all the wake's axial kinetic exergy that leaves a survey plane placed at the trailing edge represents a waste of exergy, but it also represents a room for improvements: this is the case of BLI configurations which re-energize the flow at this region by using a fan in order to reduce the velocity deficit downstream of the airframe, thus, reducing the axial kinetic exergy waste. Here we recall that the axial kinetic exergy leaving the trailing edge's survey plane outside of the wake is not a waste of exergy: this is still part of the potential pressure-velocity coupling so that the net total exergy related to the potential effect is zero (outside the wake) as it will be shown later.
By following the same reasoning than before, it can be easily interpreted the transverse kinetic exergy field shown in Fig. 5 , where its distribution along the black survey line is also shown.
Fig. 5 Transverse kinetic exergy field
Again, the zones of high transverse exergy around the airfoil on the inviscid zone are profited by the pressurevelocity mechanism, so it is not a wasted work potential. In addition, the transverse exergy leaving the survey plane
outside of the wake also belongs to the potential velocity-pressure coupling so it is not a waste of exergy. Moreover, it is interesting to note that the wake's transverse exergy is negligible for this flow condition.
The third component of the total mechanical exergy is the boundary-pressure work rate whose field can be observed in Fig. 6 . Note that any pressure perturbation around the airfoil inside the inviscid zone has a negative value. This happens for example in the stagnation region at the leading edge, where the local static pressure is higher that the freestream static pressure, and at the same time, the local velocity is slower that the freestream velocity. On the other hand, at the top and bottom of the airfoil the behavior is the opposite: lower static pressure and higher velocity. In all cases this leads to a local negative Ep value. Inside the boundary layer the situation is more complex.
As a matter of fact, the local speed is always slower than the freestream velocity in the majority of its volume, so the velocity term is always negative. Thus, the sign of Ep will be driven by the local pressure: if the local pressure is lower than the freestream static pressure, then Ep will be positive and vice versa. The Ep parameter represents the work done locally on the fluid by the pressure difference respect to the equilibrium ambient pressure. Note that this work will be done only when a local velocity perturbation is present. Also note that its negative sign in the potential region means that not all the kinetic exergy potential work shown before (Fig. 4 and Fig. 5 ) is completely available.
In fact, part of the kinetic exergy potential work has been obtained at the expense of the pressure work.
Fig. 6 Boundary-pressure work rate field
The addition of the 3 previously discussed fields gives the total mechanical exergy field as shown in Fig. 7 . What must be noticed from this field visualization is that the local velocity perturbations are coupled with the local static pressure perturbations: as the flow is isenthalpic on the potential region, any kinetic energy perturbation must be paid by the local internal energy. This can be seen better on the Fig.8 where the mechanical exergy is shown along a streamline lying outside the boundary layer (i.e., a streamline on the inviscid zone). A particle far upstream has zero ̇ ( ) ( ⃗ ⃗ ⃗ ⃗ ) ⃗ ⃗ mechanical exergy, so theoretically it has no potential to do further work, however it must perform some work in order to go around the airfoil. This is managed by using its own energy: firstly it accumulates pressure work in the stagnation region at the leading edge. Then it uses its work potential to vertically accelerate (gaining kinetic energy)
to go around the leading edge region. Then it cumulates work potential again in the high speed region in order to perform later a vertical downwards acceleration on the rear part of the airfoil. Finally it accumulates pressure work again at the trailing edge in order to reaccelerate the particle in the axial direction, reaching a final state with zero mechanical exergy. That's why the mechanical exergy on the inviscid zone is not an interesting parameter for design purposes, at least in 2D cases: its net mechanical exergy is zero, thus, there is no waste of exergy. However the mechanical exergy inside the boundary layer and wake plays a major role on aircraft design as it was the case for BLI designs. A detail of the distributions of the mechanical exergy ant its main components at the black survey line are shown in Fig. 9 . This clearly depicts what it was mentioned earlier: the axial kinetic exergy available inside the wake is not completely usable because it was obtained by doing some pressure work. The resulting net available energy is the mechanical exergy inside the wake. This is the net exergy that will be gradually destroyed downstream by dissipation inside the wake (anergy generation) and it also represents the maximum amount of energy that can be recovered by BLI systems. ̇ ̇ ̇ ̇ Fig. 9 " ̇ ", " ̇ " and " ̇ " distributions along the survey line So far we discussed about the mechanical exergy. The thermal exergy will not be discussed here because it is negligible for unpowered vehicles without heat transfer.
The total anergy field and its distribution along a survey line are shown in Fig. 10 . This represents the total loss of work potential that can be measured at each point of the domain. It takes into account the losses locally created at some point as well as the losses already created upstream and convected into this point. Note that there is no losses on the inviscid region as expected. All the losses come from the viscous regions (boundary layer and wake), where viscous, turbulent and thermal mixing effects takes place (irreversible processes). This parameter is of main importance for design purposes because designers will be interested in reducing it, for example by using laminar airfoils.
Fig. 10 Total anergy field
In order to better detect the local spots where anergy is being created, it is more useful to visualize the field of the anergy components: the viscous and thermal anergies. This is because their formulations are based on a volume integral, thus its integrand represents the local creation of anergy (the total anergy discussed before is based on a surface integral formulation, thus its integrand already contains the upstream losses). The viscous anergy field is shown in the Figure 11 where it can be observed that viscous losses occur inside the boundary layer and the wake.
Also, a non-physical source of anergy is visible: this is the so-called "spurious anergy" and it is related to a strong numerical diffusion (this region lying outside the boundary layer and wake must be deleted from the volume integral). Note also that viscous anergy is created on highly strained regions. This can be seen by the aid of the vorticity magnitude distribution along the survey line: it is clear that the viscous anergy is stronger at high-vorticity zones. This is because the viscous anergy is the work potential lost by viscous and turbulent dissipation.
Fig. 11 Viscous anergy field
The thermal anergy field can be seen on the Fig. 12 . It represents the work potential loss by thermal mixing which tends to homogenize any temperature field gradient (which has an inherent potential of doing some work).
This explains why the thermal anergy is stronger inside the thermal boundary layer.
Fig. 12 Thermal anergy field
The study already presented allows to put into evidence the interest of using the exergy parameters for flow analysis because it provides an alternative point of view of the physics: the origin, nature, and intensity of losses are clearly visible with this method. On typical engineering applications, the sources of losses are usually visualized by the total pressure ratio (Fig. 13 ) or the entropy (Fig.14) fields (this later is mainly used by internal aerodynamicists).
Nevertheless, these classical loss indicators give just a measure of the losses but they don't allow to directly relate them to a more practical parameter. The advantage of the exergetic approach is that it gives the losses in a far more tangible unit: Watts (when it is integrated on the survey line or the integration volume) or Watts per unit of volume/surface (when its integrand is visualized on the field). This allows to be aware of the power consumed or
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wasted locally by an aircraft and ultimately to know the amount of power (exergy) to be supplied by the engine to reach the flight equilibrium. This high-level vision of the aerodynamic assessment makes of the Exergy Method a good candidate for the physical analysis, and consequently for a system-level aircraft design. Another meaningful way to analyze losses used routinely for design purposes is the drag density field visualization shown in Fig. 15 . Here, the integrand of the Meheut's equation is plotted at every point of the domain (that's why it is called "density field"). Its integral at the survey line gives the total profile drag in Newtons, thus, it is preferable to use this parameter rather than the total pressure ratio or the entropy fields. However, the disadvantage of this approach compared to the Exergy Method is that the far-field method does not allows to detect the different sources of losses (i.e., to perform a flow field breakdown for 2D subsonic cases). On the other hand, note that both methods are equivalents because they are different formulations describing the same physics. Thus, if the drag losses are only measurable inside the wake and not on the inviscid region as shown in Fig. 15 , the same must be also valid for the exergy approach. This allows to confirm the statement done before: the mechanical exergy outside the wake (i.e., lying on the inviscid region) must not be considered as a loss and it does not have any engineering interest for design purposes. Only the mechanical exergy available inside the wake represent a waste of work potential.
Fig. 15 Profile drag density field
Here it is interesting to compare the drag distribution for the two methods: Meheut and Arntz. In order to do so, a survey line is placed downstream enough to avoid the potential effect on the exergetic method as shown in Fig. 16 (where the survey plane is placed at 1.5 chords downstream of the trailing edge of the airfoil). At that position, the profile drag density distribution for the Meheut and Exergy methods are displayed. Their integrals gives the same drag coefficient, however, their distributions are not identic: the Meheut method overestimates the profile drag density at the center part of the wake, while it underestimates this value at the outer part of the wake (taking the exergy distribution as a reference, because it is based on exact equations while the Meheut method is based on a small perturbations approximation).
Fig. 16 Profile drag density and exergy-based drag density distributions along the survey line B. M=0.3 / α=10°
The previous analysis allows us to go into the study of a more complex condition, i.e., the airfoil with high angle of attack. Its axial kinetic exergy field is shown in Fig. 17 , including its distribution along a survey line normal to the infinite upstream flow direction. It is clear that there is a high axial kinetic exergy spot at the stagnation region as well as at the extrados region. This last one is the most exergetic because of the high speed perturbation related to
Cd
Cd Cdε the lift. On the other hand, the flow has not been accelerated on the intrados, that's why there is almost no axial kinetic exergy available there. Also note the large amount of axial kinetic exergy available inside the wake.
Fig. 17 Axial kinetic exergy field
For high angles of attack the axial kinetic exergy is not positive on the entire flow field (as it was shown for the zero angle of attack case on Fig. 4 ). This can be better observed on the Fig. 18 , where a detail of the leading edge flow pattern is shown. Note that locally, the flow has a negative x-velocity component at the left of the stagnation point, which gives place to a negative flux of the " " term, leading to a negative value of " ̇ ". However, this negative sign does not call into question the fact that there is an axial kinetic exergy available there. 
Fig. 19 Transverse kinetic exergy field
Fig . 20 shows the boundary-pressure work rate field and its distribution along a survey line. Note that the stagnation point is placed under the leading edge, leading to a high negative pressure work in that region. Besides, the negative boundary-pressure region at the extrados has been expanded and intensified respect to the zero angle of attack case, but the one at the intrados have almost disappeared. Moreover, the wake contains some negative boundary-pressure work rate as discussed before.
Fig. 20 Boundary-pressure work rate field
The resulting total mechanical exergy field is shown in Fig. 21 . It can be seen that the boundary layer related exergy has been increased respect to the zero incidence case at the extrados (because of the boundary layer thickening), but reduced on the intrados. The net resulting wake exergy outflow remains similar to the zero angle of attack case. On the other hand, the inviscid region continues to behave as expected for an isenthalpic flow as shown Fig. 22 , where the exchanges of pressure work and kinetic exergy are depicted for a streamline lying outside the boundary layer as it was explained before.
Fig. 21 Mechanical exergy field
Fig. 22 Mechanical exergy along a streamline
The total anergy field and its distribution along the survey line are shown in Fig. 23 . It can be seen the boundary layer thickening at the extrados and its strong shear inside the boundary layer: this leads to higher losses than the zero angle of attack case (explaining the increase of the profile drag with the angle of attack). Moreover, these losses are convected downstream but the turbulent mixing tends to homogenize its distribution. with the angle of attack [16] . Here we remember that the spurious anergy zone around the leading edge (outside the boundary layer) must not be taken into account.
Fig. 24 Viscous anergy field
Fig. 25 Thermal anergy field
The profile drag density field for the Meheut method is shown in Fig. 26 . Again, this method only allows to display the total profile drag density but it does not allows to make a drag breakdown for 2D subsonic cases. This breakdown is feasible with the exergy method, which shows its asset for the analysis of this kind of flows. In order to analyze the changes in the transonic condition, the same airfoil is studied at Mach number of 0.8 with zero angle of attack. Its related axial kinetic exergy field is observed in Fig. 27 , where a high axial kinetic exergy region is present on the supersonic zone, followed by a zone of little kinetic exergy downstream of the shockwave.
Indeed, the axial velocity reduction across the shockwave is at the origin of this sudden loss of kinetic energy.
Again, the only interesting exergy from the design point of view is the kinetic exergy contained inside the viscous region.
Fig. 27 Axial kinetic exergy field
The transverse kinetic exergy field can be observed in the Fig. 28 . It does not show major changes compared to the subsonic case with zero angle of attack because the supersonic region and its related shockwave affects mainly the x-velocity component.
Fig. 28 Transverse kinetic exergy field
The boundary-pressure work rate field is observed in Fig. 29 , where the supersonic region presents a huge accumulation of work. The final mechanical exergy field, given by the addition of the 3 previous fields, is shown in Fig. 30 . Even though a curved shockwave is present, the flow outside the boundary layer is isenthalpic. This means that, even in transonic conditions, the only interesting mechanical exergy is that associated to the boundary layer (this is valid for 2D cases only). The remaining part of the mechanical exergy field (the inviscid one) uses the pressure-velocity coupling mechanism, thus no net mechanical exergy will be available, even for a streamline crossing the shockwave.
Fig. 30 Mechanical exergy field
The total mechanical exergy along a streamline crossing the shockwave on the inviscid region is shown in Fig.   31 . The analysis of the total mechanical exergy along a streamline is the same as discussed before for the subsonic case, even if the streamline traverses the shockwave: this time the high pressure work on the supersonic zone allows to overcome the aerodynamic parameters changes across the shockwave. The final mechanical exergy far-upstream and far-downstream is zero.
Fig. 31 Mechanical exergy along a streamline
The total anergy field is shown in Fig. 32 , where it can be seen that losses are created across the shockwave because of its non-isentropic process: this losses are convected downstream along its wake. The intensity of the shockwave losses are smaller than the viscous losses, but it occupies a larger region, thus the total wave anergy is comparable to the viscous/thermal anergies inside the boundary layer. This can be better seen by the total anergy distribution along the survey line.
Fig. 32 Total anergy field
The other way to observe the sources of the losses is by analyzing the volume formulation of the total anergy components. The viscous anergy field of Fig. 33 shows the same pattern observed on the subsonic case but this time the shockwave viscous losses are also visible. However, in this last case care must be taken because the divergence formulation is used to visualize the entire flow field; however, the region to be integrated (and the only one to have a physical meaning) is the volume around the shockwave, as it is highlighted in Fig. 35 . One of the advantages of the surface integral formulations (as it was the case of the total anergy) is that it allows to observe the accumulation of the losses along the body and its downstream convection. On the other hand, the volume formulations (e.g., viscous anergy) allow to identify the spots of losses and its intensity, but it does not takes into account its convection downstream. The combined use of both approaches is very useful to understand the flow field losses.
Finally, the profile drag density field by Meheut's method is shown in Fig. 36 . It can be seen that the same physical phenomena is captured by both methods (Exergy and far-field). Moreover, for transonic cases the far-field
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method allows to perform a drag breakdown of the profile drag into the wave and viscous drag by using the Kusunose technique [16, 18] , but this not as complete as the exergetic-based drag breakdown.
Fig. 36 Profile drag density field
V. Conclusion
This work has shown the strong potential of the exergetic method to perform a flow field analysis of classical configurations like an airfoil. This is because the exergy method offers a powerful insight into the physics thanks to its intuitive and easy to understand formulation. The visualization of the exergy parameters allowed to make a deep aerodynamic assessment and to understand the origin of losses: these are ultimately traduced as the profile drag coefficient. It was shown that the surface integral anergy formulation shows the convected losses and the volume integral formulations shows the actual spots where anergy is being created. This is very useful for aircraft design purposes because it allows to identify the zones where the engineer must pay attention in order to improve the design. On the other hand, the interpretation of the mechanical exergy field was presented and its importance for design purposes was highlighted. Moreover, it was shown that the exergy method allows to perform a more complete drag breakdown on the entire flow field (compared to the far-field method), allowing deepest flow field analyses. Thus, this approach can be used to complement the classical flow field analysis methods in order to reach a very high physical comprehension. 
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